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Abstract 
Comparison between intense radiation environments present in nuclear reactors and 
charged particle beams is necessary for evaluating next generation fission and fusion reactor 
materials. However, these two irradiation environments encompass different proportions of 
ionizing and collisional phenomena, so exploring the different energy loss pathways is 
needed for appropriate analysis. Using the candidate Mn+1AXn phase, Ti3SiC2, as a test case, 
this work separates the effects of electronic and nuclear energy loss during ion irradiation, 
through a combination of 4 MeV Au, 17 MeV Pt, and 14 MeV Cl ion irradiations to examine 
the effects independently and systematically recombine them. Nuclear energy loss (elastic 
collisions) is found to be primarily responsible for the formation of a face-centered-cubic 
phase with anti-site defects, while intense electronic energy loss (ionization) exacerbates the 
effect and increases lattice strain. Further, these dissipation pathways are found to be 
competing or synergistic depending on their ionization and collisional ratio. 
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microscopy (TEM); Electronic and nuclear energy loss synergy 
 
2 
1. Introduction 
Irradiation with charged particles (ions) is a powerful tool, in use for decades, for 
understanding the damage evolution of materials exposed to radiation environments. It is well 
established that elastic collisions with atomic nuclei or nuclear energy loss (Sn) during ion 
irradiations will produce elastic collision cascades and defects similar to those observed 
following neutron irradiation [1-6]. There are additional benefits of a greater control over the 
irradiation environment, reduced irradiation time, and little to no resultant radioactivity 
following ion irradiation. This is with the recognition that higher energy ions have a 
significant increase in inelastic collisions with electrons, electronic energy loss (Se). These 
electronic interactions dominate the energy transfer until the energy, and thus velocity, of the 
ion is reduced sufficiently for the elastic scattering cross section to increase and nuclear 
energy loss to dominate the interactions [1-6]. It is well established that there is variation in 
material response between these two energy loss pathways [3,4,7,8]. However, early 
observations and current studies show that ionizing radiation can enhance the diffusion of 
defects and impurities and even result in annealing of displacive damage in both metallic and 
ceramic systems from nuclear energy loss during low-energy, heavy ion irradiation [3,4,7,8]. 
More recent studies have demonstrated that, depending on the material system and initial 
defect concentrations, increasing the ratio of Se/Sn can enhance the damage production along 
the ion path [9] or suppress damage production through in-cascade annealing [8,10]. The 
importance of this variation in Se/Sn applies to direct comparison with reactor irradiation 
environments as well due to intense ionization from gamma radiation and electronic energy 
loss of primary recoils produced by collisions with neutrons. This ratio of overall Se/Sn will 
vary depending on the gamma and neutron energy spectra and material. For example, a ratio 
of around 4 is typical for liquid metal cooled fast fission reactors while a mixed spectrum 
light water reactor (LWR) has a Se/Sn ratio greater than 100 [11].  
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This all accentuates that knowing the response of materials to intense ionization is vital to 
effectively utilizing ions as a complimentary tool to studying neutron irradiation 
environments. Of particular interest is the irradiation response of Mn+1AXn (MAX) phases, 
which are a class of ternary carbides and nitrides under consideration as a structural material 
for future generation fission and fusion reactors. These crystallize in a hexagonal, 
nanolamellar structure with basal planes of A group elements separating n M2X 
rhombohedra, where M is an early transition metal and X is either C or N, see supplementary 
figure (S.Fig. 1a). This layered polycrystalline structure leads to a unique combination of 
properties for ceramics, including high thermomechanical phase stability, high thermal 
conductivity, corrosion resistance, and low neutron absorption cross section for several 
compositions [12-18], all of which make them an attractive candidate for cladding and core 
material applications [19,20]. This has led to numerous neutron and ion irradiation studies, 
especially for the widely available Ti-based MAX phases (Ti3SiC2, Ti3AlC2, and Ti2AlC) [21-
31], Ti3SiC2 being the focus of this study. Because of the nanolamellar structure, Ti3SiC2 has 
a very high interfacial density and thus a very high theoretical sink strength for point defects 
and a high diffusivity path for recombination [20,28,30,32], which seems to result in a 
resistance to some forms of irradiation damage [27,28,33,34]. However, this MAX phase 
does exhibit irradiation damage, namely an increase in the c/a ratio of the c and a lattice 
parameters (c and a-LPs, respectively) and an increase in signal attributed to TiCx, the current 
understanding of which must be explained [23,25,27,29-31,33,35]. 
TiCx, henceforth referred to as TiC for simplicity, may form during synthesis of Ti-based 
MAX phases as a stoichiometric mismatch impurity as it shares much of the MAX structure, 
specifically, Ti3SiC2 lacking its A-layer is a nanotwinned TiC0.67 structure. TiC has a lower 
thermal conductivity and is more brittle than Ti3SiC2, so its formation will serve to partially 
offset the attractive properties of the MAX [14,15,17,27]. The precise mechanism by which 
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TiC concentration would increase in the MAX is not agreed upon, mainly due to difficulty in 
exactly quantifying the increases given the similarity of the structures. Some suggest that a 
phase decomposition from the MAX phase to the stoichiometrically C-deficient TiCx occurs 
[24,25,27,36]. However, a recent study by Wang et al. has demonstrated that following low-
energy Au irradiations, the Ti3AlC2 composition, which shares its structure with Ti3SiC2, does 
not decompose, retains its stoichiometry, and actually forms a twinned face-centered-cubic 
(FCC) MAX structure, following the twinned TiC structure through anti-site formation 
between the M and A-elements [37,38]. That said, regardless of the mechanism, the increase 
in the FCC-type phase typically attributed to TiC in x-ray diffraction (XRD) profiles is still a 
relatively well-established qualitative metric for irradiation damage in Ti3SiC2 [22,24,31,39]. 
Though Ti3SiC2, and MAX phases in general were previously thought insensitive to 
electronic excitations and ionization effects [23], a recent study using 9 MeV Ti ions 
discovered that above a threshold electronic energy loss of 4 keV nm-1, increases in c/a and a 
signal attributed to TiC were observed [31]. This effect was found to be independent of 
damage dose (dpa) and demonstrated the importance of electronic energy loss in the material 
response to ion irradiation. However, as Ti is a medium mass ion with little variation in Sn 
over the depths investigated, the effects of the elastic and inelastic collisions must be 
separated to fully understand the response.  
As indicated earlier, previous studies in other material systems have used a combination of 
irradiations to explore independent separate effects of Se and Sn, typically by introducing 
initial defects into the material (pre-damaging) through low-energy, heavy ion irradiations, 
where Sn is dominant, and comparing with high-energy ion irradiations, where Se is dominant. 
The subsequent recombination of these different energy loss pathways through sequentially 
performing these irradiations often reveals a synergy or competition between them, whereby 
the evolving defect concentration affects the energy dissipation of inelastic collisions and vice 
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versa [4,7,9,10,40-42]. By comparing high-energy Pt and Cl ion irradiation of pristine and 
pre-damaged Ti3SiC2, as well as pristine Ti3SiC2 irradiated with high-energy Ti ions as an 
intermediate Se/Sn case, this work seeks to use similar methods to further deconvolute 
electronic and nuclear energy loss effects and explore their potential additive, synergistic, and 
or competing nature. 
2. Experimental 
2.1. Physical Sample Preparations 
Polycrystalline Ti3SiC2 was obtained as synthesized in bulk by the Drexel University 
Layered Solids group. Complete details for the hot-pressing method have been discussed in 
depth previously, so they will not be repeated here [3,43]. A low speed, counter-balanced 
diamond saw was used to section plate samples, which were subsequently polished with 
diamond lapping film grits and finished with 0.05 µm alumina slurry. Plates were 
ultrasonically washed with deionized water and 99.9% pure ethanol to remove alumina and 
polishing remnants. Final irradiation dimensions of 6×4.5 mm were cut using the same 
diamond saw, and samples were washed using the same method.  Transmission electron 
microscopy (TEM) lamella were prepared in cross section from the irradiation surface using a 
Zeiss Auriga Crossbeam scanning electron microscope equipped with a Ga focused ion beam 
(FIB) located at the Joint Institute for Advanced Materials (JIAM) microscopy facility.  The 
irradiation surface was protected with a Pt deposition layer and low FIB milling currents were 
used during polishing to minimize any polishing surface amorphization artifacts. 
2.2. Ion Irradiations 
Full cascade SRIM (v2013) [44,45,46] simulations were conducted utilizing weighted 
average threshold displacement energies of 25.7, 30.6, and 27.9 eV for Ti, Si, and C, 
respectively, as determined by previous Ab initio molecular dynamics simulations by Liu et 
al. [47]. As pristine lattice parameters closely match those in the literature, a theoretical 
density of 4.528 g cm-3 was selected for the simulations [17]. 
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For the nuclear energy loss dominated irradiation, 4 MeV Au2+ was selected, see Fig. 1a, 
because it has sufficient energy to introduce damage to a depth of approximately 0.75 µm in 
the sample. This can be easily seen by examining the collision cascades, plotted using pysrim 
[46], for 5000 of the simulation ions as a function of depth in Fig. 1d and radially over the 
highlighted depths of 0.5 µm−0.75 µm in Fig. 1g. At the same time, the Se does not exceed the 
ionization threshold established in the previous study of 4 keV nm-1 [31]. A fluence of 5×1014 
cm-2 was selected, which results in a peak damage dose of 3 dpa at ∼0.5 µm. It was also 
established in the previous study that a change in ion concentration of 1000 appm resulted in 
no recorded change in strain in the material [31]; therefore, the ion concentration peak from 
this irradiation of < 250 appm with inert Au ions should result in no physical or chemical 
artifacts. 
Two ions were selected for the electronic energy loss dominated irradiations: 17 MeV Pt5+ 
and 14 MeV Cl4+. Each of these ions has a nearly identical and consistent Se profile as a 
function of depth, see Fig. 1b and 1c, each of which exceeds the aforementioned 4 keV nm-1 
threshold over the depths of interest for this study, (0.5 µm − 0.75 µm). However, due to the 
large difference in mass, and associated nuclear scattering cross sections, they each have a 
vastly different ratio of electronic to nuclear energy loss (Se/Sn). This may be easily visualized 
with the collision cascades, both as a function of depth and radially, as shown in Fig. 1e, 1f, 
1h, and 1i. The same fluence of 1.76×1015 cm-2 was selected for both the 17 MeV Pt and 14 
MeV Cl irradiations to result both a similar Se dose and a damage dose for the Pt ions that 
matches the pre-damage dose of 3 dpa, see Fig. 1b. The lower Sn for Cl will result in a 
significantly lower damage dose, see Fig. 1c. In addition, pristine Ti3SiC2 was irradiated with 
9 MeV Ti ions to reproduce the 2.8×1016 cm-2 fluence from the previous study in this batch of 
material. This not only allows for direct comparison between the studies, but the shallower 
irradiation depths provide an intermediate Se/Sn with similar Se to those of the high-energy Pt 
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and Cl ions [31].  A complete list of these irradiation conditions is provided for reference in 
supplemental table 1. 
All ion irradiations were conducted at The University of Tennessee Ion Beam Materials 
Laboratory (IBML) [48]. Irradiations were conducted at room temperature with samples 
oriented normal to the beam. For each irradiation condition, the beam was defocused and 
wobbled slightly, and beam current was monitored closely to both track the dose and keep the 
flux below 4.5×1011 cm-2s-1 to minimize beam heating and charge accumulation [49]. 
 
Fig. 1 – (a-c) Energy deposition and damage dose (dpa) as a function of depth for 4 MeV Au at a fluence of 
5×1014 cm-2 and 17 MeV Pt and 14 MeV Cl each at a fluence of 1.76×1015 cm-2. It should be noted that the small 
Sn component for 14 MeV Cl results in a near overlap of the Se and total electronic energy loss curves in (c). The 
shaded gradient in the backgrounds of (b) and (c) indicates the depth region influenced by 4 MeV Au ions in pre-
damaged conditions, as detailed in (a). (d-f) collision cascade events for 5000 ions vs. depth for each ion, 
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respectively. (g-i) radial collision cascade events over the depth range of 0.5 µm to 0.75 µm as indicated by the 
colored bands in (d-f), respectively [49]. 
2.3. Characterization 
Grazing incidence x-ray diffraction (GIXRD) profiles were gathered at the JIAM 
Diffraction Facility using a PANalytical X’Pert3 MRD in grazing geometry equipped with a 
Cu x-ray tube, Si parabolic mirror, 0.04 Rad soller slits, 1/8° divergence slit, and a 0.27° 
parallel plate collimator. As in the previous study [31], penetration depth is defined as the 
depth normal to the surface, where the x-ray attenuation length (I/I0=1/e) is reached.  This is 
determined by the incident grazing angles, 2.25° and 3.25°, which result in penetration depths 
of ~0.5 µm and ~0.75 µm, respectively. 
Initial and post irradiation TiC content was estimated to appropriately select the grazing 
angles, as TiC is a slightly better x-ray attenuator than Ti3SiC2, making use of the X-ray 
Interactions with Matter data tables developed by The Center for X-ray Optics [50]. That 
said, it is conventional to use consistent grazing angles between compared samples, even 
though variation in FCC-type profiles, whether a TiC phase or FCC-MAX, is expected 
following ion irradiation given previous results in the literature [22,24,31,39]. Therefore, an 
upper bound of 20% error is assumed in the TiC concentration estimations, which, due to the 
similarity between Ti3SiC2 and TiC x-ray attenuation, results in an average maximum 
calculated depth error of 0.04 µm.  Therefore, the grazing angles of 2.25° and 3.25°, result in 
penetration depths of 0.5±0.04 µm and 0.75±0.04 µm, respectively, in each sample.  
Scans were gathered over a range of 7-82◦ 2θ with a 0.02◦ 2θ step size and a count time of 
3 s/step. Longer 9 s/step scans over the sub-ranges of 32-47◦ 2θ, 57-65◦ 2θ, and 70-81◦ 2θ were 
gathered using the same step size for better counting statistics in regions were peak shifting 
was expected. All pristine conditions prepared above were compared in the pre-irradiation 
state using two grazing depths and a count time of 3.5 s/step, and all peak positions were 
found to be statistically consistent. 
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To perform strain analysis using GIXRD, each profile was corrected to appropriately 
account for the absorption associated with the grazing geometry, the peaks were individually 
fitted using a Voigt or Gaussian function as needed in OriginPro (v2018) [51], and a stable 
iterative method was utilized to determine a self-consistent c/a [31,52]. This method provides 
precise estimation of the c and a-LPs and subsequent strain while using a lab-scale 
diffractometer. As a reiteration of the description from the previous study, since each fit peak 
contributes to determining the c/a for the profile, each peak must also contribute to the 
resulting lattice parameters; therefore, any plotted c and a-LPs resulting from this method are 
the averages of each fit peak with the standard deviation plotted as error bars. The exact 
implementation of this method has been fully detailed previously [31,35,52]. 
Raman spectroscopy was used to corroborate some observations in grazing diffraction 
profiles using a Horiba LabRaman HR evolution with 785 nm laser, 600 gr/mm grating, 5×20 
s count times, and a 100× objective. The scans were conducted over the wavenumber range of 
70−1800 cm-1. 
TEM was performed using a Zeiss Libra 200 HT FE MC in the JIAM microscopy facility.  
Selected area electron diffraction (SAED) patterns, with an illuminated region diameter of 
~250 nm, were gathered in ~100 nm increments from the sample surface to produce a SAED 
depth profile of the irradiation cross section. 
3. Results 
3.1. Grazing Incidence X-ray Diffraction 
The 9 s/step reduced range GIXRD profiles for each of the five damage states are plotted 
in Fig. 2, along with the 3.5 s/step pristine profile. The profiles had their backgrounds 
stripped, were normalized, and vertical dashed lines mark the major peak centers of the 
pristine profile. The relative intensity is plotted in the background as a heat map to more 
clearly display changes in peak position and intensity between the vertically staggered 
profiles. The vertical staggering is also in order of increasing Se/Sn with Au ion pre-damaged 
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material plotted higher than samples only exposed to high Se ions. A depth of 0.5 µm was 
probed for the 9 MeV Ti irradiated sample as this corresponds to a Se of ∼5.1 keV nm-1 and a 
damage dose of ∼4 dpa, similar to those achieved with the Pt and Cl irradiations. 
It may be observed immediately that broad FCC-type peaks, previously attributed to TiC 
[31] and marked with boxes, are present in each sample pre-damaged with 4 MeV Au ions, 
and are highly dominant in samples irradiated with 17 MeV Pt ions. As detailed by full 
cascade SRIM (v2013) [44,45,46] simulations, plotted in Fig. 1b and 1c, each of these 
conditions has a significant Sn contribution. On the other hand, material irradiated with the 
lower Sn of 14 MeV Cl ions shows little to no intensity from these broad peaks, further 
evidenced by the sharp, albeit shifted, intensity of the principle MAX peaks in the heat map.  
There is a lack of any diffuse intensity of the FCC-type signatures in the relative intensity 
heat map despite having a comparable Se to the high-energy Pt ions, see Fig. 1b and 1c. It 
should be noted that the Se/Sn at the depths probed for the Pt and Cl ions may be comparable 
to that of a fast fission and mixed spectrum LWR, respectively [11]. This variation in Se/Sn 
with similar Se may be observed as peak shifting in Fig. 2. Peaks closely aligned with the c 
and a axis shift to lower and higher degrees 2θ, respectively. This is evident when observing 
peaks such as the (104), (008), and (105) in Fig. 2a, the (109) in Fig. 2b, and the (1012) and 
(118) in Fig. 2c, each of which shifts to a lower degrees 2θ, indicating a relative expansion of 
the c-LP. Meanwhile, the principle peak parallel with the a-axis, the (110) can be seen to shift 
to higher degrees 2θ in Fig. 2b, which corresponds to a slight contraction of the a-LP. The 
shifting of c-LP dominated peaks may also be readily observed in the full profiles plotted in 
S.Fig. 2. It is interesting to note that this shifting appears isolated from dose given that the 
greatest peak shifts are observed following the Cl ion irradiations, which induced the lowest 
damage dose, but had the highest Se/Sn per ion. 
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Fig. 2 – GIXRD profiles of the subranges (a) 32-47° 2θ, (b) 57-65° 2θ, and (c) 70-81° 2θ at a depth of 0.75 µm 
comparing pristine and irradiated conditions, including a repetition of the lowest fluence (2.8×1016 cm-2) 9 MeV 
Ti irradiation from the previous study at a depth of 0.5 µm, which represents a similar Se and damage dose [31]. 
All irradiated profiles were gathered at the 9 s/step extended count times, and the pristine profile was gathered at 
3.5 s/step. Profiles are staggered vertically with increasing Se/Sn, and relative intensity plotted in the background 
as a heat map, along with dashed vertical reference lines marking the centers of major pristine peaks, assist in 
discerning changes in peak intensity and position between the staggered profiles. 
The broad FCC-type peaks observed in these diffraction profiles have been previously 
observed following high fluence 4 MeV Au, 2 MeV I, 700 keV C, and 9 MeV Ti ion 
irradiations. They were attributed to TiC based on their position in reciprocal space and the 
presence of a small amount of initial impurity in the pristine material [23,24,25,31,36]. 
However, in light of the recent results in Ti3AlC2, which shares its structure with the subject 
of this study, a FCC-MAX phase transition should be considered as a mechanism behind the 
FCC type profiles observed in Fig. 2 [37,38]. Ti-Si anti-site defects are likely following 
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ballistic mixing via elastic collision cascades, as both Ti and Si are relatively easy to displace 
[47] and the proposed defect is known to have a favorably low formation energy [30,32,53]. 
It is further proposed that irradiation assisted diffusion, along with ballistic mixing may result 
in a site shift for the previous Si A-layer to the β-Ti3SiC2 position, see S.Fig. 1b, thus also 
creating interstitial sites for Cint identical to the typical C site position. This may result in the 
twinned FCC structure shown in S.Fig. 1c and 1d, which retains the Ti3SiC2 stoichiometry, 
but effectively lacks the A-layer, as the Ti-Si anti-sites are more akin to a solid solution. 
From a diffraction standpoint this proposed mechanism seems plausible. It is important to 
recognize the similarity of diffraction planes of this defined hexagonal structure to the 
twinned FCC structure embedded inside it. The hexagonal {103}, {105}, {110}, {1012}, and 
{205} peaks are emphasized by the Ti-Si anti-sites and also intersect the FCC-MAX {111}, 
{200}, {220}, {311}, and {222}, see S.Fig. 1e to 1i. Further, slight distorting of the 
hexagonal lattice results in a complete overlap with these FCC positions, as observed 
experimentally. Of note is the presence of these broad FCC-MAX profiles only following 
irradiation with 17 MeV Pt ions, 9 MeV Ti ions, and 4 MeV Au ions. These broad peaks are 
markedly absent when pristine material is irradiated with 14 MeV Cl ions; though, their 
intensity may increase slightly when pre-damaged material is irradiated by the same 
conditions. This seems to suggest that only ions with a larger Sn component will lead to this 
FCC-MAX formation, which is consistent with elastic collision cascades, see Fig. 1d to 1i, 
resulting in the necessary Ti-Si anti-site formation. This observation is consistent with 
profiles gathered in the literature that exhibit these broad FCC-type profiles and also contain a 
larger Sn component [23,24,25,31,36]. 
3.2. Raman Spectroscopy 
The pristine and irradiated Raman spectra are plotted in Fig. 3. There are Raman active 
modes present in the pristine Ti3SiC2 spectra at 159, 190, 222, 275, 370, 620, and 676 cm-1. 
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Following Au pre-damaging irradiations and high-energy Pt irradiations, the modes centered 
at 190, 275, and 676 cm-1 lose their intensities, and the mode at 370 cm-1, which is attributed 
to both Ti3SiC2 and TiC0.67, is sharpened slightly. Additional modes attributed to TiC0.67 
appear at about 250 and 340 cm-1, and a broad mode appears at about 596 cm-1. The already 
broad modes centered at 222 and 370 cm-1 remained following each irradiation state; 
however, the mode at 159 cm-1 is broadened following Au pre-damaging and high-energy Cl 
irradiations, and may be lost following high-energy Pt irradiations. Unlike the heavy ion 
irradiations, the very intense modes at 275, 620, and 676 cm-1 remain following high-energy 
Cl irradiations, though they lose intensity, broaden, and shift to slightly lower frequencies. 
Note that in this case, the 9 MeV Ti ion irradiation is not included in this comparison because 
its energy dissipation varies significantly with depth, while the energy dissipation with depth 
is mainly flat for the separate effects study conditions. 
 
 
Fig. 3 – Raman shift over the wavenumber range of 70-800 cm-1 comparing pristine and ion irradiated conditions 
with increasing Se/Sn. 
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Examination of the Raman spectra in Fig. 3 appears to corroborate the above proposal of 
both the FCC-MAX phase formation and its link to a larger Sn component. All TiC0.67 defect 
modes are present in the Ti3SiC2 spectra; though, they are shifted and the order of the C-sites 
makes them far more intense and sharp [54]. Since, the FCC-MAX shares its Ti:C ratio and 
structure with TiC0.67, most notably its effective lack of the basal A-layers, it is proposed that 
the following established TiC0.67 modes should apply to the FCC-MAX structure as well. 
Spectra from samples exposed to a greater Sn, whether from pre-damaging with low-energy 
Au or exposed to high-energy Pt, show decrease in intensity from MAX related modes and 
increase in their TiC0.67 counterparts. 
The profiles with a large Sn contribution lose most intensity from the Ti3SiC2 A1g modes, c-
axis movement of C-Ti-C, at 275, 312 (likely hidden beneath the noise) and 676 cm-1 while 
gaining broad intensity from their TiC0.67 counterparts at 340, 372 and 661 cm-1 (also likely 
buried in the background). The E1g mode, a-axis movement of C-Ti-C in symmetry about the 
basal A-layers, is also lost in these cases and replaced by broad intensity near its counterpart 
at 596 cm-1 [17]. The formation of C Frenkel pairs and interstitials as described in the above 
FCC-MAX phase structure could explain this as the C occupancy in the Ti-octahedra 
approaches that seen in TiC0.67, thus resulting in the broader, shifted modes [54]. Further, the 
E2g mode, a-axis movement of C-Ti-Si, mode at 222 cm-1 broadens and is joined by its TiC0.67 
shifted counterpart at about 250 cm-1 [17]. Once again, the spectra for the condition with Cl 
ion irradiation, where Sn is significantly lower, does not include these additional TiC0.67 
modes, save a slightly sharper mode at 370 cm-1, which again is shared between Ti3SiC2 and 
TiC0.67. This condition further retains the A1g and E1g modes albeit broadened by local defects 
and slightly shifted from 275, 620, and 676 cm-1. It should be noted that while the TiC0.67 
modes are present, the MAX phase does not appear to be eliminated. The E2g modes located 
at 159 cm-1, unique to Ti3SiC2, and 222 cm-1, each require the basal A-layer and retain much 
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of their intensity following each irradiation condition, only broadening slightly [54,55]. These 
results further suggest that nuclear energy loss is principally responsible for the formation of 
the FCC-type phase embedded in the MAX structure. 
3.3. Lattice Parameter Analysis 
The iterative method detailed previously [31] was used to determine a self-consistent c/a 
over each depth range probed in irradiated and pristine samples, and subsequent c and a-LPs 
were calculated. The Δc/c0 and Δa/a0, i.e. the out-of-plane and in-plane strain, respectively, 
for the different irradiation conditions are plotted as a function of Se/Sn in Fig. 4 with a 
horizontal reference line for the pristine c and a-LPs and their standard deviations shown for 
reference.  As in Fig. 2, the Δc/c0 and Δa/a0 from the previous Ti irradiation condition are 
plotted in Fig. 4 as well. Lattice strains have also been calculated and included in Fig. 4 for c 
and a-LPs reported in the literature following room temperature 7 MeV Xe irradiations [39] 
and room temperature 92 MeV Xe and 74 MeV Kr irradiations [23,56]. These irradiations are 
to damage doses that are similar to the other irradiation conditions in their respective Se/Sn 
regimes [23,39,56].  However, it should be noted that following the low-energy Xe 
irradiation, error was not reported in the literature for the lattice parameter determination 
[39], so error was conservatively estimated at 0.1% of the reported lattice strain in this case 
and included as error bars. 
Comparing the lattice strain of each condition to Se/Sn confirms the initial peak shifting 
observations in Fig. 2 and reveals a trend. As Se/Sn increases, the c/a distortion appears to 
increase and eventually reach a maximum, with the c-LP expansion and a-LP contraction 
maximized by Se/Sn of ∼150 and ~250, respectively. Further, pre-damaged samples show a 
lattice strain from pristine values that is greater than the sum of the strains for both the low-
energy Au ion irradiations and high-energy Pt or Cl ion irradiations; though, the trend of 
increasing c/a distortion remains correlated with an increase in Se/Sn. 
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Fig. 4 – (a) and (b) c and a lattice strain (Δc/c0 and Δa/a0, respectively) as a function of the ratio of electronic to 
nuclear energy loss (Se/Sn) with an expanded view of the low Se/Sn range.  Included are Δc/c0 and Δa/a0 values 
from this work as well as 7 MeV Xe* ion irradiations to 3 dpa [39], 92 MeV Xe** ion irradiations to 0.14 dpa, 
and 74 MeV Kr** ion irradiations to 0.09 dpa [23,56] from the literature.  
In each case, the high-energy Cl irradiations resulted in a significant expansion of the c-LP 
and contraction of the a-LP while high-energy Pt resulted in much less lattice strain, and low-
energy Au showed little change from pristine values. Recall that the 14 MeV Cl and 17 MeV 
Pt Se vs. depth behavior is comparable, and each was irradiated to the same 1.76×1015 cm-2 
fluence to ensure a similar Se deposition, which exceeds the previously observed 4 keV nm-1 
threshold to lattice strain following Ti ion irradiations [31]. In this case, however, Cl has a 
significantly greater Se/Sn than Pt, and the resulting strain increase is equally large, suggesting 
that when the 4 keV nm-1 threshold in electronic energy loss is surpassed, the ratio between 
inelastic and elastic energy dissipation becomes more important. This is corroborated by the 
inclusion of the 9 MeV Ti irradiation, which has a similar Se (∼5.1 keV nm-1) to the high-
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energy Pt and Cl irradiations and damage dose (∼4 dpa) to the Au and Pt irradiations. As 
shown in Fig. 4, the Δc/c0 and Δa/a0 for 9 MeV Ti falls directly on the trend established by the 
conditions in this study. The 92 MeV Xe and 74 MeV Kr irradiations are to damage doses of 
0.14 and 0.09 dpa, respectively, and are comparable to the damage dose of 0.1 dpa reached by 
the 14 MeV Cl irradiations of this study. Their Δc/c0 and Δa/a0 values continue the trends of 
this study at greater Se/Sn regimes, and like the Cl irradiations, their respective GIXRD 
profiles show no broad FCC-type peaks following irradiation [23,56]. Likewise, the lattice 
parameter values for the 7 MeV Xe irradiation were gathered from irradiation depths where 
the damage dose is 3 dpa, identical to the 4 MeV Au irradiations of this study.  The material 
response also appears largely similar, with reduced lattice strain from pristine values and 
GIXRD profiles showing broad FCC-type peak signatures [39]. 
Inelastic energy dissipation can lead to the formation of point defects, which add to the 
strain observed. The ionization energy from the high-energy Cl and Pt ions, once transferred 
to the lattice via electron-phonon coupling, will result in a large thermal spike, expected to 
exceed 1000 K in the pristine Ti3SiC2, based on inelastic thermal spike calculations in SiC 
[57]. This large, rapid temperature differential has been demonstrated to result in a shock 
wave in the lattice, which can easily displace local atoms to the surrounding lattice [58], 
likely resulting in Frenkel pairs and Ti-Si anti-site formation. Since the typical sharpness in 
the pristine principle modes of the Raman spectra is due to the highly ordered C atoms, their 
slight broadening and shifting in the spectra of the 14 MeV Cl irradiated samples is evidence 
for their displacement to interstitial lattice sites. That said, based on the previous observations 
and the evidence for elastic collision events in Fig. 1c, it is unlikely the inelastic collisions are 
solely responsible for the defect production and resultant strain observed in Fig. 4, but rather 
serves to exacerbate the defect production of elastic scattering events, thus increasing the 
strain, the method of which will be discussed further below. 
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3.4. Transmission Electron Microscopy 
A series of SAED depth profiles, oriented on the [112&0] zone axis are shown in Fig. 5 and 
6 and S.Fig. 3 and may be used to further corroborate both the GIXRD and Raman 
spectroscopy results.  Examining the profile of the nuclear energy loss dominated Au 
irradiations in Fig. 5b to 5d, the FCC-type twinned structure for the shared orientation, 
illustrated in Fig. 5g and 6g, is very clear, as simulated in Fig. 5f.  Additionally, the Ti3SiC2 
structure, α-polymorph simulated in Fig. 6f, is visible in Fig. 5b to 5d, gaining in relative 
intensity until it is the only phase present in Fig. 5e, which is beyond the 4 MeV Au ion range.  
Further, within the low-energy Au ion range, the periodicity present in the relative intensity 
of the MAX profile is more characteristic of the β-Ti3SiC2 polymorph, with the more uniform 
intensity of the α-polymorph returning by Fig. 5e. It should be noted at this point, that during 
the thinning preparation of the TEM lamella, the Au irradiation depth showed some signs of 
preferential thinning, even in regions intentionally left thick for tilting alignments, despite 
FIB milling parameters being matched to those utilized in other samples.  That said, the 
results displayed here are not believed to be artifacts of the preparation process as these are 
typically exhibited as amorphous halos, observed previously in SAED patterns [31].  These 
SAED patterns by contrast, while highly disordered as indicated by the diffuse spots for the 
{111} twinned FCC-type structure, exhibit no such halos, and further, the Ti3SiC2 structure, 
visible at each depth from the irradiation surface, is highly ordered and crystalline with fine 
spots. In the literature, SAED patterns gathered following the 7 MeV Xe irradiations, included 
above in Fig. 4, also show a transition from the β-Ti3SiC2 periodicity in relative intensity to 
disordered FCC-twins [39].  
Comparing the results for low-energy Au irradiation in Fig. 5 to those of the high-energy 
Ti irradiation in Fig. 6, it is possible to see the influences of electronic energy loss on the 
FCC-MAX formation.  The FCC twins are not nearly as dominant in Fig. 6b to 6d, though 
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their diffuse intensity is still present at the appropriate positions in reciprocal space: FCC-
type {111} and {002} in the vicinity of the MAX {103} and {105}, respectively.  This is 
even observed across the grain boundary observed in Fig. 6a and 6b in a grain slightly 
misoriented from the defined [112&0] zone.  Again, the periodicity more characteristic of the 
β-Ti3SiC2 polymorph is present and reduces in relative intensity until the α-Ti3SiC2 structure 
is again dominant by Fig. 6e, which is close to where Se drops below the 4 keV nm-1 
threshold.  This would seem to corroborate that when electronic energy loss exceeds the 
threshold, it exacerbates the predominantly elastic process of producing β-Ti3SiC2 with anti-
site defects and then eventual FCC-MAX, as the nuclear energy loss for this ion at this 
irradiation depth is significantly lower than the Au ion in Fig. 5.  If the MAX structure was 
decomposing into stoichiometrically deficient MX binary phase, the even transition from α-
Ti3SiC2 to β-Ti3SiC2 to the {111} twinned FCC-type structure should not be present, along 
with the fine MAX pattern at each depth, as is observed in both Fig. 5 and 6.  Therefore these 
results support both the GIXRD and Raman results and the mechanism proposed here to 
support the one recently proposed and demonstrated in the literature for the Ti3AlC2 
composition [38]. 
As in the GIXRD results, the SAED depth profiles for high-energy Cl irradiations in 
S.Fig. 3 represent a contrast to those in Fig. 5 and 6 as they show no relative intensity from 
either FCC-type twins or the β-polymorph at any irradiation depth probed.  α-Ti3SiC2 appears 
to be the dominant structure present at each depth, S.Fig 3b to 3d; though, there is significant 
diffuse streaking parallel to the [0001] direction, which indicates a high density of defects 
and is expected given the large lattice strain observed in Fig. 4.   
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Fig. 5 – TEM SAED depth profile in the 4 MeV Au irradiated sample oriented on the [112&0] zone axis with (a) 
overview, (b-e) SAED patterns, (f) simulated diffraction pattern for the FCC-twin structure oriented on the [1&10]/[11&0] zone axes, which are equivalent in orientation to the MAX [112&0] or [110] zone, and (g) reference 
structural orientation. 
 
Fig. 6 – TEM SAED depth profile in the 9 MeV Ti irradiated sample oriented on the [112&0] zone axis with (a) 
overview, (b-e) SAED patterns, (f) simulated diffraction pattern for the Ti3SiC2 MAX oriented on the [112&0] or [110] zone axis, and (g) reference structural orientation. 
 
4. Discussion 
Though the elastic scattering cross section is small for both high-energy ion irradiations, 
Fig. 1d to 1i clearly demonstrates that collision cascades [46] will stochastically occur for 
each ion. It was demonstrated earlier that elastic collisions from a higher Sn contribution are 
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necessary to form the FCC-MAX phase, but there is a clear distinction in the FCC profile 
intensity between 4 MeV Au and 17 MeV Pt while the damage dose (∼3 dpa) is similar. It has 
been demonstrated recently in the literature that low-energy Au ions require a fluence roughly 
2 orders of magnitude greater than that employed here (~1×1016 cm-2) to produce FCC-MAX 
profiles with relative intensity similar to those observed following the high-energy Pt 
irradiation [38].  Recall that formation of the FCC-MAX involves a site shift to the β-Ti3SiC2 
position, so the added energy deposition from the 17 MeV Pt ion thermal spike could 
effectively reduce this barrier to forming the FCC-MAX. This is consistent with the depth 
profile analysis from the previous study, which demonstrated that with other contributions 
being equal, increasing Se above the 4 keV nm-1 threshold leads to an increase in FCC-type 
relative intensity [31].  This sort of Se threshold for enhanced phase transformation to a higher 
symmetry phase has been observed in other material systems in the past, most notably in 
zirconia.  Pure, unstabilized zirconia has a monoclinic structure that, following high fluence 
irradiations at low temperatures with 340 keV Xe ions, partially transforms to a higher 
symmetry tetragonal phase [59].  However, when irradiating at room temperature with ions 
where Se exceeds a 12 keV nm-1 threshold, the percent phase transformed increases 
significantly, in fact, linearly with Se, and the fluence to reach the saturated transformation is 
reduced by over two orders of magnitude [60].  Therefore, the enhanced transformation from 
α-Ti3SiC2 to FCC-MAX with added {111} twin symmetry by Se exceeding a 4 keV nm-1 
threshold is not unprecedented. 
It also appears the relationship between the thermal spike radii and the radial distribution 
of collision events is vital to this phase formation as the 14 MeV Cl irradiations do not show a 
clear, if any, increase in a FCC-MAX profile; though, there is an equivalent Se deposition 
from the 17 MeV Pt irradiations. This suggests that while a Se greater than the 4 keV nm-1 
threshold will exacerbate the formation of FCC-MAX by elastic collisions, increasing the 
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Se/Sn will eventually suppress the effect. This is corroborated in the reduced FCC-MAX to 
MAX phase profile intensity at a similar Se and damage dose following 9 MeV Ti ion 
irradiation, see the reduction in the relative intensity heat map in Fig. 2, as the Se/Sn of this 
condition lies between that of the high-energy irradiations of this study. This is not to say that 
Ti-Si anti-site and C Frenkel pair production due to the stochastic elastic collisions and 
inelastic thermal spike shock waves are not occurring, but rather the formation of FCC-MAX 
is suppressed by annealing as the thermal spike exceeds the radii of collision events. That 
said, this annealing does not appear to be sufficient to “heal” pre-existing FCC-MAX, as the 
broad peaks in both the diffraction and Raman profiles for Au ion pre-damaged material 
irradiated with the high-energy Cl ions appear mainly unchanged. 
The above effects may be observed indirectly through the significant increase in the Δc/c0 
and Δa/a0 with increasing Se/Sn when the FCC phase content does not increase. It has been 
previously observed that the inclusion of FCC TiC reduced irradiation swelling and other 
anisotropic lattice distortion in microstructures [61]. It is expected that the formation of a 
FCC phase, whether TiCx or a FCC-MAX, embedded in the hexagonal MAX structure, would 
perform similarly by accommodating the point defects in the structural transformation, 
reducing the lattice strain. This is seen in the highly reduced lattice strain in the cases of low-
energy Au and Xe and high-energy Pt irradiations, all of which show signatures from the 
FCC and β-Ti3SiC2 structure in GIXRD profiles and SAED patterns [39]. Conversely, if 
FCC-MAX phase formation is suppressed, the point defects and Ti-Si anti-sites will lead to 
increased distortion of the c/a [30,32,33,35], as is seen comparing between Fig. 2 and 4. 
Moreover, in the case of high-energy Cl irradiation, where the formation of additional FCC-
phase appears fully suppressed, both in GIXRD and SAED patterns, the lattice strain appears 
to have reached a local maximum. Looking beyond the Se/Sn regimes of this study, the 
literature results included in Fig. 4 also do not show any broad FCC-type peak profiles in 
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GIXRD. However, they also continue the Fig. 4 trend with c and a-LP maximum strain levels 
around 1.3% and -0.3%, respectively, [23,56] values that match those calculated for a high 
Ti-Si anti-site concentration in an otherwise pristine Ti3SiC2 lattice [30]. It should be noted 
that following swift heavy ion (SHI) irradiation, changes in diffraction profiles have not been 
observed [23]. Following the proposed suppression of the FCC-MAX formation by the 
thermal spike, this makes sense, as Se/Sn will be significantly higher for the ion; however, 
there is also a lack of lattice strain. It is possible, with such a low Sn and damage dose (dpa) 
orders of magnitude lower than those reached in this study, that the production of defects is 
insufficient to result in a measurable strain, suggesting a minimum Sn or dose to damage by 
this mechanism. Alternatively, in the SHI regime, the thermal spike may achieve a 
significantly higher temperature, leading to localized melting and relaxation of any resulting 
lattice strain, suggesting a maximum Se, above which strain is not observed. However, the 
energy regimes of this study are not attuned to answer this question, and further postulation 
would be speculative. For now, what may be suggested is a second threshold of the ratio of 
Se/Sn > 150 to suppress FCC-MAX phase formation and maximize relative c/a distortion 
when ion energy is < 1 MeV amu-1. 
It may also be observed that while additional FCC-MAX phase formation is suppressed by 
the high Se/Sn, the contribution of pre-existing defects serves to significantly increase the 
maximum for the lattice strain at these fluences. This increase is well beyond that of an 
additive contribution and represents a synergy between the inelastic energy dissipation and 
evolving defect concentration, whereby the thermal spike is more radially confined by defects 
inhibiting the dissipation of energy to and through the lattice and thus increasing the local 
temperature differential and subsequent shock wave [9,10,40-42,57]. This radial confinement 
may be sufficient to prevent complete annealing of the pre-damaged FCC-MAX phase by 
high-energy Cl ions but not to suppress increased formation of the phase. 
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The implications of these results for the selection of ion species and energy regimes for 
irradiation studies in MAX phases cannot be overstated. Typically, higher energy (10-50 
MeV) medium mass self-ions and light ions are recommended to extend the “safe” analysis 
depth range and avoid artifacts due to surface effects and ion concentration profiles [6]. 
However, for this composition, two additional constraints are now recognized as vital to the 
selection of ions. Exceeding a low, 4 keV nm-1 threshold in Se dramatically increases the 
ballistically driven FCC-MAX formation, resulting from the elastic collision cascades. At the 
same time, radial confinement of the ballistic processes, when Se/Sn is large, suppresses this 
phase formation and enhances measured lattice strain. Additionally, as energy loss pathways 
will change with depth for ion irradiation, an appropriate depth probe must be selected for 
subsequent characterization, such that the Se/Sn is consistent. In the case of direct comparison 
with different reactor environments, the 14 MeV Cl ions have a comparable Se/Sn to a mixed 
spectrum LWR while the 17 MeV Pt ions may be compared with a fast fission reactor 
environment [11]. Direct comparison of the results of this study and these reactor 
environments is limited as operational temperatures significantly exceed the room 
temperature in situ conditions. That said, elevated temperature in situ ion and neutron 
irradiation conditions have been previously observed to only partially mitigate these observed 
effects [29,33,34], so the direct influence of the energy loss pathways observed here are 
proposed to remain consistent in reactor. It is also important to recognized that using ions to 
take advantage of the significant difference in dose rates may inherently influence the defect 
accumulation rates at sinks or other defect clusters [6].  That said, estimating the highest flux 
seen in this study (~1012 cm-2s-1) equates to approximately ~10-14 nm-2ps-1.  Then, even 
assuming an extreme case of a thermal spike event lasting 10 ms (1010 ps), when they are 
typically <<100 ps in thermally similar materials such as SiC, there is a <10-2 probability of 
two thermal spikes occupying the same 100 nm2 area.  Therefore, it is reasonable to consider 
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that even at these higher dose rates, there will not be an impact on the energy loss effects, and 
the ion events may be treated as uncoupled in both space and time [31,35,57]. With all these 
considerations, care should be taken when selecting ions as a tool for direct comparison to 
bulk elastic collision environments, such as those under neutron irradiation, and high-energy 
self-ions may not be the appropriate tool for making such comparisons in Ti3SiC2.  
5. Conclusions 
In summary, the effects of electronic and nuclear energy dissipation during ion irradiation 
of Ti3SiC2 have been found to be competing and synergistic for different ratios of electronic 
to nuclear energy loss. Nuclear energy loss results in elastic collision cascades, leading to the 
formation of a FCC-MAX phase with Ti-Si anti-site defects. This FCC phase serves to 
partially relax the structure and resist the overall anisotropic c/a distortion. Intense electronic 
energy loss above a Se threshold of 4 keV nm-1 serves to exacerbate this effect through the 
thermal spike adding energy to the lattice and increasing point defects through shock waves. 
However, increasing the ratio of Se/Sn serves to add sufficient energy over the radial 
distribution of collision events that formation of the FCC-MAX phase is suppressed, thus 
maximizing lattice strain for energy regimes < 1 MeV amu-1. There is a threshold for this ratio 
of Se/Sn > 150, where the FCC-MAX phase formation is fully suppressed and lattice strain is 
maximized. Further, there is a synergy between pre-existing defects and electronic energy 
loss, whereby the effects of the thermal spike are more radially confined, thus significantly 
increasing the resultant strain. These results further illustrate that the interaction of both 
electronic and nuclear energy dissipation pathways is vital to the study of irradiation effects 
of materials such as Ti3SiC2. 
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